Context: Brain Iron Deposits (IDs) are associated with neurodegenerative diseases and impaired cognitive function in later life, but their cause is unknown. Animal studies have found evidence of relationships between dietary iron, calorie and cholesterol intake and brain iron accumulation. Objectives: To investigate the relationship between iron, calorie, and cholesterol intake, blood indicators of iron status, and brain IDs in humans. Design, Setting and Participants: Cohort of 1063 community-dwelling older individuals born in 1936 (mean age 72.7years, SD=0.7) with dietary information, results from blood sample analyses and brain imaging data contemporaneously in old age. Measurements: Magnetic Resonance Imaging was used to assess regional volumes of brain IDs in basal ganglia, brainstem, white matter, thalamus, and cortex/border with the corticomedullary junction, using a fully automatic assessment procedure followed by individual checking/ correction where necessary. Haemoglobin, red cell count, haematocrit, mean cell volume, ferritin and transferrin were obtained from blood samples and typical daily intake of iron, calories, and cholesterol were calculated from a validated food-frequency questionnaire. Results: Overall, 72.8% of the sample that had valid MRI (n=676) had brain IDs. The median total volume of IDs was 40mm3, inter-quartile range (IQR)=196. Basal ganglia IDs (median=35, IQR=159.5 mm3), were found in 70.6% of the sample. IDs in the brainstem were found in 12.9% of the sample, in the cortex in 1.9%, in the white matter in 6.1% and in the thalamus in 1.0%. The median daily intake of calories was 1808.5kcal (IQR=738.5), of cholesterol was 258.5mg (IQR=126.2) and of total iron was 11.7mg (IQR=5). Iron, calorie or cholesterol intake were not directly associated with brain IDs. However, caloric intake was associated with ferritin, an iron storage protein (p=0.01). Conclusion: Our results suggest that overall caloric, iron and cholesterol intake are not associated with IDs in brains of healthy older individuals but caloric intake could be associated with iron storage. Further work is required to corroborate our findings on other samples and investigate the underlying mechanisms of brain iron accumulation.
Introduction
There is increasing evidence that iron is involved in neurodegenerative diseases, and that as the brain ages, iron accumulates in regions linked to diseases like Parkinson's and Alzheimer's (1) . Iron deposition load, mainly in the basal ganglia region, is negatively associated with general intelligence in healthy older adults (2) . However, little is known about the mechanisms that lead to the formation of these brain iron deposits (IDs). Increased iron concentrations in the brain may result from the altered vascularisation that occurs during normal ageing, which is accentuated in neurodegenerative diseases (3) (4) (5) 6) . Alternatively, iron accumulation may be related to the blood-brain barrier failure, with normal or pathological aging (1) .
Animal studies have shown that short-term iron deprivation can be followed by persistent deficiency of non-haem brain iron (7) whereas excess dietary iron causes an increase in brain iron levels (8, 9) . Dietary iron, however, is not the only dietary factor that has been associated with brain iron accumulation.
Diets containing high levels of vitamins C, E, B6 and B12, folate, unsaturated fatty acids, and fish oils (diets that are likely to limit the absorption of non-heme iron) are related to a reduction in the risk of Alzheimer's: a disease reported to be associated with elevated levels of brain iron (10) . Rhesus monkeys fed a calorie restricted (but nutritionally equivalent to control) diet in middle age had significantly reduced brain iron accumulation in old age relative to animals fed a standard diet (11) and a study in rats (12) also yielded similar results. Similarly, rabbits fed a diet high in cholesterol experienced increased deposition of brain iron (13) .
To date, there have been no large studies of the relationship between dietary iron, calorie and cholesterol intake and brain iron deposition in humans. In the present study, we explore the relationship between dietary iron, calorie, and cholesterol intake, blood indicators of iron status, and brain iron accumulation in a large, age-homogeneous group of community-dwelling older adults. We hypothesised that (a) dietary iron would be directly associated with haematological markers of iron and iron accumulation in the brain, and that (b) , J.M. WARDLAW 1, 2 in line with animal studies, calorie/cholesterol intake would be associated with brain iron accumulation.
Materials and Methods

Participants
Study participants came from the Lothian Birth Cohort 1936 (LBC1936), which comprises community-dwelling older adults, most of whom participated in the Scottish Mental Survey as children in 1947 (14) . Details of the full cohort test protocol are given elsewhere (14) . In brief, 1091 individuals with an average age of 69.5 (SD=0.8) years enrolled the first data collection wave between 2004 and 2007, which involved completing cognitive tests, and providing personality, demographic, health, lifestyle, dietary information and blood samples. At a second wave, about three years later, 866 participants (mean age 72.7 years, SD 0.7 years) repeated almost all assessments from wave 1 with the exception of the dietary questionnaire, and a subgroup (n=700) had an MRI brain scan. Written informed consent was obtained from all participants under protocols approved by the Lothian (REC 07/MRE00/58) and Scottish Multicentre (MREC/01/0/56) Research Ethics Committees.
Magnetic Resonance Imaging (MRI) scans
MRI data were acquired using a 1.5T GE Signa Horizon HDxt clinical scanner (General Electric, Milwaukee, WI, USA) using a self-shielding gradient set with maximum gradient of 33 mT/m, and an 8-channel phased-array head coil. The imaging protocol is fully described elsewhere (15) . Mineral deposits predominantly of iron content (IDs) were assessed using co-registered T1-and T2*-weighted MR volumes (16) on 676 valid and high quality imaging datasets, obtained from the 700 participants who initiated the brain MRI scanning session in wave 2. The segmentation of the basal ganglia IDs was done using a fully automated procedure (17) , and checked/ manually edited by an experienced analyst where required. IDs in the brainstem, white matter, thalamus and cortex/border with the corticomedullary junction were separately identified, extracted and quantified manually by the same expert using a validated technique (2, 18) . ID measurements were corrected for intracranial volume and brain tissue volume to control for head and brain size respectively using procedures described in detail elsewhere (2, 15) Haematological parameters Four hematologic measures commonly used to assess iron status were obtained at each testing wave: haemoglobin, red cell count, haematocrit (volume % of red cells in blood) and mean cell volume out from blood samples processed fully automatically using the haematology analyser Sysmex XE-5000 (https://www.sysmex.com/US/en/Products/Hematology/ XESeries/Pages/XE-5000-Hematology-Analyzer.aspx). Two molecules that intervene in the storage and transport of non-heme iron were assessed at wave 2 and used to validate the possible path iron in blood→brain iron accumulation. These were: ferritin (a storage protein) and transferrin (a metalloprotein). From 1091 individuals who enrolled the study, 1062 provided blood samples in wave 1 (7 withdrawals and 22 deaths), and 825 in wave 2. The main causes for withdrawal at wave 2 were death (19) , lost contact (20) , health reasons (64), dementia (7), care roles (13) and lack of time (17) .
Diet
Typical daily intake of iron, calories, and cholesterol were calculated from responses to the Scottish Collaborative Group Food Frequency Questionnaire (SCG-FFQ) administered at wave 1. The SCG FFQ is a self-report instrument, validated for use with older adults (19) , which asks about typical consumption of 175 foods and drinks grouped into 19 categories, plus foods and drinks not listed in the main questionnaire and dietary supplements. Respondents rate the frequency of consumption of standard portions of each food over the last 2-3 months (rarely/never, 1-3 per month, 1 per week, 2-3 per week, 4-6 per week, 1 per day, 2-3 per day, 4-6 per day or 7+ per day) and responses are used to estimate typical micro and macro nutrient intakes. All study participants (n=1091) were asked to complete the SCG FFQ at home and return it by post. Of these, 98 were not returned, 26 were returned blank, and 39 had more than 10 missing items and were, therefore, excluded from the analyses.
Demographics
Gender and age at each data collection wave were used as covariates in all analyses.
Statistical analysis
Mann-Whitney U tests (from PASW Statistics 18) were used to determine whether the distributions of the haematological and imaging variables significantly differed between sexes or not. All blood iron-related parameters (haemoglobin, haematocrit ratio, mean cell volume and red cell count) were significantly higher in men than women (p<0.001). IDs in the brainstem (p=0.001) were different for men and women: on average, men had twice the volume of insoluble iron deposited in the brainstem and four times the volume of iron deposition in the cortex/corticomedullary junction than women. Therefore, all tests were adjusted for gender, in addition to age in days at the time of each test. We applied robust univariate linear regression using iteratively reweighted least squares with a bisquare weighting function ("robustfit" function from MATLAB 12.0 Statistical Toolbox) to explore the associations between: a) Daily dietary intake (wave 1) and brain IDs (wave 2) b) Daily dietary intake and blood parameters (obtained at both waves) c) Brain IDs and blood parameters (both obtained at wave 2) d) Blood parameters at waves 1 and 2
Missing Value Analysis revealed patterns of missing data were random.
Results
Sample characteristics
Overall, from the subsample that underwent MRI, 72.8% of the sample (62% of the total sample) had detectable IDs (Figure 1 ) with a median volume of 40 mm3 (IQR=196 mm3), which represents 0.003% of the mean intracranial volume. Basal ganglia IDs were most common (70.6% of the sample, median volume=35 mm3, IQR=159.5 mm3) followed by IDs in the brainstem (12.9% of the sample). IDs in the white matter (6.1%), in the cortex/corticomedullary junction (1.9%) and in the thalamus (1.0%) were identified as micro-/macro haemorrhages with only two participants presenting mild superficial siderosis. The maximum volume of IDs in the basal ganglia (2768 mm3), cortex (440 mm3), white matter (1404 mm3) and thalamus (116 mm3) corresponded to previous haemorrhages in these regions, unlike in the brain stem (748 mm3) in which the smooth appearance of the IDs in its nuclei does not suggest their being caused by a single haemorrhagic episode. The main dietary sources of iron intake in this cohort are: bread and breakfast cereals (33%), meat and meat products (10%), and savoury foods and soups (9%). A summary of the rest of the variables involved in the analyses appears in Table 1 .
Associations between brain iron deposition and dietary intake
In this healthy ageing sample, brain IDs were not significantly associated with dietary iron intake, calorie or cholesterol intake after adjusting for age and gender (Table 2 ). This result was not different when the analysis was performed only including participants that had visible IDs on MRI.
Figure 1
Probability distribution of the brain iron deposits in the basal ganglia
Associations between dietary intake and blood iron parameters
Red cell count was modestly and positively associated with calorie intake (p= 0.03 and 0.02 for waves 1 and 2 respectively). Mean cell volume was, on the contrary, negatively associated with calorie intake (p=0.05 and 0.02 for waves 1 and 2 respectively). Ferritin was also negatively associated with calorie intake (p= 0.01). There were no significant associations between any of the dietary markers evaluated and haemoglobin or haematocrit levels ( Table 2) . 
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Associations between brain iron deposition and blood iron parameters
Brain IDs were not associated with any of the haematological variables assessed at the same wave of the MR scan (Table 2 ) and neither to the molecules associated with iron transport and storage.
Haematological parameters obtained at each wave were strongly and significantly associated (β=0.77 to 0.97; p<0.001) indicating high stability of the haematological measures over time. At wave 2, haemoglobin, haematocrit and mean cell volume were significantly associated with the non-heme iron transporters and storage proteins assessed (p<0.001) ( Table 2) .
Discussion
In this large, narrow-age birth cohort of healthy older adults, dietary iron was not directly associated with haematological markers of iron or with the extent of MR visible brain IDs. Calorie and cholesterol daily intake were also not directly associated with the brain iron accumulation assessed from the MRI scans. Analyses of dietary patterns (20) and components of nutrient-rich diets (i.e. antioxidants and B vitamins) from this cohort in relation to cognitive function have been published previously (21, 22) and are beyond the scope of the current article. Exploration of the dietary sources of non-haem iron revealed that red meat contributed only 10% of the overall iron intake, with bread and fortified breakfast cereals being the main sources. As the relative bioavailability of iron from vegetable foods is highly variable, the results are not surprising.
Results reported by a previous study in rats fed a standard diet supplemented with carbonyl iron, found that the additional iron supplementation did not increase brain iron stores (23) . Brain iron accumulation is known to be linked to misregulation of the brain iron metabolism and neurodegeneration (6) . While, in animals, variations in dietary iron have been reported to alter iron metabolism (9), reports of hepcidin expression in the human central nervous system refer that the significance of this regulator of iron homeostasis is uncertain (24). Despite calorie intake being directly associated with the count and size of red cells and with ferritin, it was not directly associated with the brain IDs detected on the MRI scans. Interestingly, a study on patients with HallervordenSpatz syndrome, a syndrome characterised by brain iron accumulation, reported that despite the presence of brain IDs, iron levels in the blood remained normal (25) . However, as our sample consists of healthy older individuals, to extrapolate results of both studies requires an in-depth analysis of the mechanisms of brain iron accumulation, which is out of the scope of this paper.
We did not find an association between cholesterol intake and brain IDs. More research into the means by which a diet rich in cholesterol would affect the accumulation of nonheme iron in the brain is required. The study that showed that animals with a diet high in cholesterol experienced increased deposition of brain iron suggested that very high cholesterol in blood reduces the integrity of the blood-brain-barrier and/ or disrupts iron metabolism in ways which render the brain vulnerable to cholesterol-related cellular stress (13) but this hypothesis is still to be confirmed.
The disproportion in the load of IDs found in the basal between the collection of dietary data and the MRI scans is a limitation of the study despite the strong association between the haematological parameters measured at both waves and the associations between two of them, measured 3 years apart, and calorie intake. While the narrow age range of the present sample is advantageous as it reduces the confounding effect of age, it limits the scope of the analysis to relatively healthy individuals on their early 70s. It can be argued that the mineralised brain regions that also contain insoluble iron (26) were not assessed. Old micro-/macro-haemorrhages (>3 months from occurrence) can appear as calcified regions on conventional MRI (26, 27) and, therefore, not considered in the analysis. However, it is known that these calcified regions are strongly and directly associated with the IDs assessed (27) . Therefore, given the significance values obtained, we don't expect that their inclusion would have changed the results of this study.
JNHA: CLINICAL NEUROSCIENCES
A previous study on a subsample of this cohort revealed that the brain IDs were negatively associated with cognitive abilities not only at ages 70 and 72 years old, but also at age 11 (2) . Results from a study of dietary patterns on this cohort of healthy individuals showed that diet was no longer associated with cognitive function at old age after adjusting for childhood intelligence (tested at 11 years old) and socio-economic status (22) , suggesting that the dietary influence on brain health and cognitive performance may be mediated via the lifelongstable trait of intelligence. A detailed characterisation of the basal ganglia IDs on MRI on a subsample of the same cohort concluded that the spatial distribution and multifocal morphology of these features suggest they could be associated with proximal mineralised lenticulostriate arteriolar walls and perivascular structures (28) having, therefore, mainly a vascular origin. The results of the present study reinforce the hypotheses derived from all these related findings.
To our knowledge, this is the first large study in humans to explore the association between calorie, iron and cholesterol intake and brain iron deposition. Our results suggest that neither iron, nor calorie or cholesterol intake at the levels found in normal western diets are directly associated with brain IDs assessed on conventional structural MRI scans of healthy older individuals, but that calorie intake plays a role in iron storage. More work is required to investigate the mechanisms of brain iron accumulation on normal individuals.
